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We describe a method of electrophoresis of hemoglobin on cellulose acetate plates impregnated with citrate agar, which remain stable for many months and are used to confirm rapidly the presence of hemoglobins S and C and the hemoglobinopathieS associated with them. The method also provides excellent separations of hemoglobins F and A and reliable identification of genetically determined hemoglobin abnormalities in the newborn. 
Separation
of hemoglobins by citrate agar electrophoresis at pH 6.0 to 6.5 (1) , originally described as "electrochromatography," depends both on adsorption of the hemoglobin to the agar-or perhaps to impurities in it (2, 3)-and on electrophoretic change. Adsorption, which apparently is the more important factor, may be related to hemoglobin solubility under the conditions used in this technique. Normal fetal hemoglobin is an example. It is the most resistant of the hemoglobins to denaturation at pH 6.0, and probably for this reason is the most soluble. It moves most rapidly towards the cathode. In. contrast, two other fetal hemoglogins-Bart's (y4) and F Texas (y5 glu -l ys) (4)-that are somewhat less resistant to denaturation, move slightly behind hemoglobin F, at about the ecp.iivalent rates, although in alkaline electrophoresis Bart's is one of the fastest moving hemoglobins and F Texas is one of the slowest.
Similarly, in the citrate agar method most of the adult-type hemoglobins are not separated from each other, regardless of their electrophoretic mobility in alkaline buffers; the electrophoretically "fast" hemoglobins N and I, the "slow" hemoglobins E and 0, and the intermediate hemoglobin A all move together. On the other hand, the relatively insoluble hemoglobin S and the even more insoluble hemoglobin C move behind hemoglobin A, in that order. A few other variants exhibit unexplained mobilities: hemoglobin I-lope (5) moves with hemoglobin F and the slightly unstable hemoglobin called Sealy (6) or Hasharon moves between hemoglobins S and C.
The citrate agar method has been used primarily to differentiate hemoglobin S from electrophoretically similar variants such as hemoglobin D (7) , with results similar to those obtained with the currently popular solubility tests for hemoglobin S. It has the advantage, however, of also differentiating hemoglobin C from similarly charged variants such as hemoglobins E, 0, and C Harlem, and of providing good separations of hemoglobins F and A, so that small quantities of either of these can be identified in the presence of large quantities of the other. Crucial as it is for the detection of hemoglobin abnormalities in early infancy and for distinguishing homozygous hemoglobin S (on C) disease from hemoglobin S (or C) thalassemia, such identification is often difficult to achieve by alkaline electrophoresis, in which hemoglobins F and A tend to move contiguously.
In spite of these considerable advantages, many laboratories do not use citrate agar electrophoresis because they find it too time consuming, inconvenient, and difficult to standardize.
The agar plates must be freshly made, preferably on the day of use, Several attempts have been made to improve the method, but none has been completely satisfactory. In connection with one such attempt (8) we have received numerous reports, especially from screening laboratories, of a need for further improvement. We now report on the use of Mylar-backed cellulose acetate plates impregnated with citrate agar to improve citrate agar electrophoresis of hemoglobins.
Materials and Methods

Apparatus
We used several components of "Zip Zone" electrophoresis (Helena Laboratories, P. 0. Box 752, Beaumont, Tex. 77704), which are: Titan ifi cellulose acetate gel on Mylar plates (77 X 60..3 mm) or on Mylar slides (77 X 25.4 mm), rack, dispenser, applicator, sample plate, aligning base, Titan self-sealing plastic envelopes (118 X 78 mm), and the electrophoresis apparatus.
Reagents
Use de-ionized water for all procedures. Benz idine reagent, stock solutions: prepare the following three solutions:
(a) Benzidine dihydrochlonide, 5 g in 125 ml of glacial acetic acid. Dilute with water to 500 ml. Sodium nitroferricyanide (Na2Fe(CN)5NO--2H20), lOg/liter.
(c) 30% hydrogen peroxide. Store these reagents in brown bottles, and, just before use, mix 10 ml of a, 2 ml of b, 10 ml of water, and 0.2 mlofc (or 2 ml of 3% H202).
Procedure
Preparation of citrate agar plates:
Soak Mylarbacked cellulose acetate plates (or slides) in working citrate buffer at room temperature for at least 30 mm. A rack that holds the plates upright is convenient. Lower it slowly into the buffer to avoid trapping air bubbles.
Heat the agar mixture in a boiling water bath until the agar is completely melted. Cool to about 65 #{176}C. Add 1 ml of potassium cyanide (50 g/liter) as preservative.
Remove the rack of cellulose acetate plates from buffer, drain, and lower slowly into the melted agar, which should be deep enough to cover plates. Maintain at 60-65 #{176}C for 30 mm. Remove the plates individually, drain (but do not blot) excess agar and immediately place each plate (or two slides) into a plastic bag containing about 1 ml of working citrate buffer. Seal the bags and store them, standing upright, in a tightly closed container at 4 #{176}C. Plates so prepared can be used for at least eight months. No. 3 filter papers, the latter in connection with a state-wide screening program (9) . Hemolysates are prepared from these by adding about 0.3 ml of working buffer to each 3-mm filter-paper disc, which is allowed to stand in a moist chamber for about 30 mm. Hemolysates are prepared from salinewashed erythrocytes by thorough mixing with 1 volume of water and 0.4 volumes of toluene, followed by centnifugation; or they may be prepared from unwashed cells, packed by sedimentation or centrifugation, by addition of 3 to 5 volumes of hemolyzing reagent. Hemolysates from adults are diluted to a hemoglobin concentration of about 0.5 g/dl with working buffer, and umbilical cord blood (CB) hemolysates are diluted to about 5 g/dl. All samples exhibiting an abnormality in the initial screening by cellulose acetate electrophoresis, in alkaline buffers (8) are analyzed by the citrate agar method.
Application of samples and electrophoresis.
Place samples, in about 3-id amounts, into wells of the sample plate. Depress the tips of the applicator into the sample wells and make practice applications on paper towels several times until the application is of the proper thickness.
Remove the plate from the plastic bag and blot it lightly. Depress the applicator tips once again into wells and apply lightly (holding down for about 10 s) to the plate, about 3 cm from the anodal end. One control hemolysate (usually hemoglobin AS, or, for CB samples, hemoglobin FAS) should be included. Samples may also be applied individually to the agar with the tip of a paper clip or a round toothpick, if it is done quickly enough to avoid drying. Sample volumes must be very small, because the system is easily overloaded.
Immediately invert the plate (or slide) so that it rests, agar side down, on wicks of doubled gauze or filter paper, in electrophoresis chambers containing working buffer. Cover with glass of proper dimensions to weight it down and ensure even contact with the wicks. Apply 90-100 V (yielding about 5 mA) for 15-30 mm, or 60 V and 3 mA for 30 mm. Two or three plates may be analyzed simultaneously. Stain with benzidine reagent for several minutes or until the desired color intensity is obtained. Wash thoroughly with de-ionized water to remove all traces of benzidine reagent. Store plates dry or plasticize them according to the manufacturer's directions.
Comparison with Other Methods
The spot test of Kelly and Desjardins (10) (in which Sickledex is used without urea) was performed in parallel on one series of samples. Almost all samples containing variants other than S or C were also analyzed by the standard method of citrate agar electrophoresis, and many of those in which the presence of hemoglobin S was in question were examined for the presence of microscopic sickling.
Results
Figure 1 illustrates
patterns obtained with this method, both for adult and CB hemolysates.
As in conventional citrate agar electrophoresis, hemoglobin F moves most rapidly towards the cathode, followed by hemoglobin A, 5, and C, respectively.
The hemoglobins found to move with hemoglobin A are: D Los Angeles (f3 121 glu -k gln), E ( 26 glu -lys), G Coushatta (3 22 glu -ala), G Galveston (3 43 glu ala), G Philadelphia (a 68 asn -lys), G Ft. Worth (a 27 glu -. gly), I (a 16 lys -glu), J Baltimore (3 16 gly -asp), N (fi 95 lys-#{247} glu),0 (/ 121 glu lys), and P (fi 117 his -. arg). However, hemoglobin Sealy (a 47 asp -his) moves close to hemoglobin C, and hemoglobin K Woolwich
( 132 lys -gln) moves with hemoglobin F. Several other as-yet-unidentified variants also exhibit unexpected mobilities. Table 1 presents data obtained by cellulose acetate citrate agar electrophoresis and by a solubility test on 1255 samples, most of which contain hemoglobin 5, or a variant moving like 5, in cellulose acetate electrophoresis, pH 8.4. The solubility test, which is known to be unreliable in hemolysates with large amounts of hemoglobin F, produced a falsely negative reaction in the one such hemolysate included in the series. It also produced two falsely positive reactions, both in hemolysates containing hemoglobin S-like variants in alkaline electrophoresis.
The structure of these has not yet been identified. We found no discrepancies between the electrophoresis patterns on cellulose acetate citrate agar and conventional citrate agar, nor with the results of sickling preparations.
Discussion
The present method provides the same information as did the original method of citrate agar electrophoresis, but more reproducibly, and conveniently enough so that it is suitable for routine use on all hemolysates exhibiting an abnormality on electrophoresis in alkaline buffers. The cellulose acetate provides a matrix for the agar and facilitates formation of a uniformly thin layer, the electrical resistance of 1255 which is low enough to permit a relatively high voltage gradient to be applied without excessive heating; separationsare thereforeextremely rapid-iS to 30 mm instead of several hours. Diffusion and endosmosis are diminished and are more standardized, so that migration patterns are more consistent. Moreover, the prepared plates remain stable for many months, and they can be available for use as needed, instead of having to be freshly made. The method requires only minute quantities of hemolysate and it provides highly specific (but not absolute) confirmation of the presence of hemoglobins 5, C, and F, as well as some rarer variants such as K Woolwich and Hasharon.
For uniformly good separations, the plates must not be allowed to dry, and the samples should be applied quickly. They should be similar in respect to hemoglobin content, but CB hemolysates should be more concentratedthan thoseof adults, so that their small content of adult hemoglobins will be visible. The jagged appearance of some adult hemoglobins (particularly S and C) as compared to hemoglobin F may be related to the relative resistance to denaturation of the latter under the conditions of analysis.
We have now analyzed by this method more than 3000 hemolysates, most of them selected because they exhibited an abnormality in cellulose acetate electrophoresis, pH 8.4. They include the homozygous states for hemoglobins S and C; cases of SE, SO, and SD disease; and hemoglobin S or C thalassemia. Also included are more than 100 CB samples, among which are 28 with hemoglobin FAS, 16 with hemoglobin FAC, four with hemoglobin FS and two with hemoglobin FSC. The method is particularly useful for identification of genetic hemoglobin abnormalities in infancy, as well as for confirmation of the presence of hemoglobin S and C and the hemoglobinopathies associated with them.
